1.. Introduction
================

Aripiprazole, originally known as 7-{4-\[4-(2,3-dichlorophenyl)-1-piperazinyl\]butyloxy}-3,4-dihydro-2(1H)-quinolinone (OPC-145967), marketed under the name Abilify, is a derivative of Quinolinone, a dopamine (DA) autoreceptor agonist \[[@r1], [@r2]\]. Aripiprazole is considered an atypical antipsychotic and has shown efficacy in the treatment of schizophrenia and acute manic episodes associated with bipolar disorder \[[@r1]\]. Aripiprazole is thought to stabilize DA and serotonin (5-HT) activity \[[@r3], [@r4]\] within the nucleus accumbens (NAc), ventral tegmental area (VTA), and frontal cortex (FC), resulting in the management of positive, negative, and cognitive symptoms in schizophrenia \[[@r5]-[@r9]\]. The drug is generally considered to be a partial agonist at 5-HT1A and DA D2 receptors, and an antagonist at the 5-HT2A \[[@r10]\]. However, there is evidence that aripiprazole has a unique pharmacological profile at D2 receptors that expands beyond partial agonism to include functionally selective effects on intracellular signaling pathways \[[@r7], [@r8], [@r11], [@r12]\], suggesting that the pharmacological profile of aripiprazole is more complicated than originally thought. Other reviewers have reached similar conclusions regarding the functionally selective actions of aripiprazole \[[@r13]\]. This review will provide a comparison of aripiprazole to other antipsychotic drugs in terms of DA release within the mesocorticolimbic system and effects on locomotor activity and DA receptor sensitization. This review will also highlight the ability of aripiprazole to reverse MK-801 induced deficits in an animal model of schizophrenia symptoms, and how this highlights the unique pharmacology of aripiprazole. The final sections will discuss three potential ways aripiprazole may result in therapeutic efficacy, including, stabilization of the DA system, functional selectivity, and 5-HT-DA system interactions.

2.. SCHIZOPHRENIA
=================

Schizophrenia is a debilitating heterogeneous disorder that affects approximately 1% of the population \[[@r14]\]. Schizophrenia is generally characterized as a thought disorder punctuated by illogical thinking, lack of reasoning, and a distortion of reality \[[@r15]\]. The symptoms of schizophrenia can be chronic, consist of relapses (an exaggeration of symptoms) and remissions, and change over time \[[@r15]\]. A prodromal phase precludes a diagnosis of schizophrenia, and consists of nonspecific symptoms that can last a period of weeks or months, including loss of interest, work avoidance, and irritability \[[@r15]\].

A convenient classification scheme has defined schizophrenia based on the prevalence of positive, negative, and cognitive symptoms \[[@r16]\]. The more dramatic, and common symptoms of schizophrenia are the positive symptoms, which include delusions, hallucinations, disorganized speech, and bizarre behavior \[[@r16]\]. The negative symptoms are characterized by a decline in everyday functioning, including reduced communication, avolition, flattened affect, and anhedonia \[[@r16]\]. Cognitive symptoms of schizophrenia can include executive function deficits \[[@r17]\], and general deficits in declarative and working memory, language function, and set shifting (leading to a tendency to perseverate) \[[@r18], [@r19]\]. Cognitive function is usually maintained during the initial phase of the disease, but cognitive dysfunction may progress over time \[[@r15]\].

Individuals with schizophrenia often have difficulty maintaining employment, legal problems, social difficulties \[[@r14]\] and a 2 to 3 fold increase in mortality \[[@r20]\]. The disease typically presents itself during late adolescence/early adulthood and continues throughout life \[[@r14], [@r21]\]. Men tend to be in their early twenties during their first hospital admission for schizophrenia, whereas women tend to be in their late twenties \[[@r22], [@r23]\].

2.1.. Pharmacological Treatments
--------------------------------

The range of symptoms associated with schizophrenia has proven to be a challenge for the development of pharmacological treatments that are effective in alleviating all symptom subtypes without resulting in unwanted side effects. Indeed, the negative and cognitive symptoms have been the most difficult to treat with current pharmacotherapies \[[@r21], [@r24]-[@r28]\]. The first antipsychotics (typical) were effective at alleviating positive symptoms, such as hallucinations and delusions, but were relatively ineffective in alleviating the negative and cognitive symptoms \[[@r24], [@r28], [@r29]\]. Newer antipsychotics (atypical) were developed as an attempt to minimize side-effects and treat all symptom classes of schizophrenia \[[@r24], [@r28], [@r29]\]. Atypical antipsychotics are considered effective in treating positive, negative, and cognitive symptoms, but treatment efficacy varies across the different pharmacological agents \[[@r27]-[@r32]\]. For example: treatment with the atypical antipsychotic olanzapine for 18 months results in less neurocognitive improvement when compared to the typical antipsychotic perphenazine \[[@r32]\].

### 2.1.1.. Typical Antipsychotics and the Dopamine Hypothesis

The hallmark hypothesis relating to the etiology of schizophrenia is that the disease results from alterations within the DA system \[[@r33], [@r34]\]. Support for the DA hypothesis of schizophrenia came from the study of DA receptor antagonists (Neuroleptics) and the drug-induced behavioral profiles \[[@r33]\]. Administration of these drugs was shown to result in a decrease in the positive symptoms of schizophrenia *via* D2 receptor antagonism. The fact that D2 blockade decreased the occurrence of positive symptoms provided evidence that DA receptor overstimulation may be, at least in part, responsible for the etiology of the disease \[[@r35]\]. Evidence for the involvement of DA in schizophrenia symptoms also resulted from studying the effects of amphetamine on healthy individuals. The primary action of amphetamine is to increase catecholamine release, although amphetamine can also inhibit MAO activity and catecholamine uptake \[[@r35]\]. Repeated high doses of amphetamine have been shown to result in psychosis in non-schizophrenic patients and exacerbate symptoms in individuals suffering from schizophrenia \[[@r36]\]. Historically, amphetamine use even led to individuals being misdiagnosed with schizophrenia \[[@r37]\]. Due to the resemblance of amphetamine-induced psychosis to schizophrenia, it was suggested that an increase in catecholamine release may be present in individuals with schizophrenia, especially in association with the positive symptoms \[[@r35]\].

The mesocortical and mesolimbic DA pathways are the most relevant in the etiology of schizophrenia \[[@r21], [@r33], [@r34], [@r38]\]. The mesocortical DA pathway consists of neurons that project from the VTA to the FC and the mesolimbic DA pathway consists of neurons that project from the VTA to NAc \[[@r38]\]. In schizophrenia, an increase in DA release in the NAc has been hypothesized to play a role in the positive symptoms \[[@r33], [@r35]\], whereas a decrease in DA release in the medial prefrontal cortex (mPFC) has been hypothesized to play a role in the negative and cognitive symptoms \[[@r34], [@r39], [@r40]\].

D1 class receptors show the highest density in the mesolimbic and mesocortical DA systems while the highest density of D2 class receptors are located in the mesolimbic and nigrostriatal DA systems \[[@r38]\]. Within the NAc, D1 and D2 receptors are the most typical DA receptor subtype found on the gamma-aminobutyric acid (GABA)ergic medium spiny neurons (MSNs) \[[@r38]\]. Both D1 and D2-like receptors are found within the PFC but D1 receptors show a higher density than D2 receptors \[[@r41]\]. In the PFC, D1 and D2 receptors are predominately found on pyramidal cells with some evidence for DA receptors on GABAergic interneurons and on the terminals of DA projections from the VTA to the PFC, which are likely D2 autoreceptors \[[@r41]\]. Antipsychotics that increase DA activity at D1 receptors within the PFC have been shown in improve cognitive symptoms of schizophrenia \[[@r42]-[@r44]\]. There is also evidence that a decrease in D1 activity within the PFC can result in overactivity at D2 receptors within the NAc \[[@r42], [@r45]-[@r47]\]. This highlights the importance of balancing DA neurotransmission throughout the mesocorticolimbic DA system to result in optimal symptom management.

D1 and D2 receptors have differential effects on downstream signaling targets \[[@r38]\], hence the importance of balancing DA activity at both receptor types. The D1 class of receptors (D1 and D5) are coupled to Gα~s/olf~ proteins which excite adenylate cyclase (AC) stimulating cyclic adenosine monophosphate (cAMP) and the D2 class of receptors (D2, D3, and D4) are coupled to Gα~i/o~ proteins which inhibit AC, thus inhibiting cAMP production \[[@r38]\]. When D1 and/or D2 receptors are inactive, the α-subunit is bound to guanosine diphosphate (GDP) and a βγ-complex, which forms a trimeric protein complex \[[@r38]\]. When a DA receptor is activated, the Gα subunit excites/inhibits the production of the second messenger cAMP and the separated βγ-complex can engage in signaling activities such as activation of G-protein-regulated inwardly rectifying potassium channels (GIRK) \[[@r38]\]. When an agonist is bound to the D1 or D2 receptor, it results in GDP release and guanosine triphosphate (GTP) binding to the α-subunit, resulting in the dissociation of the α-subunit from the βγ-complex \[[@r38]\]. There are two isoforms of the D2 receptor the D2-short (D2S) and D2-Long (D2L) receptors \[[@r48], [@r49]\]. The D2S and D2L receptors differ in the addition of 29 amino acids, they also have different pharmacological properties \[[@r48], [@r49]\]. D2 receptors are located both pre and postsynaptically, with D2S receptors being the predominant DA autoreceptor within the brain, whereas the D2L receptor is mostly found postsynaptically \[[@r50], [@r51]\]. The D2 autoreceptor is involved in presynaptic regulation of DA, firing rate, synthesis, and release and plays an important role in the treatment efficacy of antipsychotics \[[@r38], [@r51]\].

Typical antipsychotics are effective in treating the positive symptoms of schizophrenia, however, these drugs are less effective at treating cognitive and negative symptoms \[[@r24], [@r25]\]. In addition, extrapyramidal motor side effects (EPS) are a common occurrence, such as akinesia \[[@r24], [@r25]\]. Unwanted side-effects, such as EPS, affect up to 50% of the patient population and can develop within the first few days of treatment with Haloperidol \[[@r26]\]. Typical antipsychotics may also exacerbate or cause cognitive symptoms by antagonizing the mesocortical DA system. For example, treatment with haloperidol has been shown to decrease cognitive abilities, such as impaired ability to sustain attention, reduced reaction time, and diminished information processing capability \[[@r25]\]. Given the low efficacy for negative and cognitive symptoms, and high potential for side effects, newer atypical antipsychotics were developed based on the 5-HT hypothesis of schizophrenia \[[@r24]\].

### 2.1.2.. Atypical Antipsychotics and the Serotonin Hypothesis

Newer treatments for schizophrenia symptom management focus on both the DA and the 5-HT systems in an attempt to alleviate positive, negative and cognitive symptoms \[[@r28], [@r52]\]. The 5-HT hypothesis of schizophrenia arose from toxicologic explanations of mental illness that were popular in the 1950s \[[@r53]\]. Toxicologic explanations received their inspiration from the observation that exogenous substances could produce effects that resemble certain signs and symptoms of mental illness, such as hallucinations \[[@r53]\]. The 5-HT hypothesis arose based on the observation that hallucinogenic-effects, such as those seen with LSD administration, are mediated by 5-HT agonism, and hence, schizophrenia symptoms likely arise from a similar mechanism \[[@r54]\]. However, in the 1970s, the 5-HT hypothesis of schizophrenia was almost completely replaced by the DA hypothesis, only making a comeback later with the proven effectiveness of the atypical antipsychotics, such as clozapine \[[@r54]\].

While the main action of typical antipsychotics is on the D2 receptor, atypical antipsychotics show enhanced activity at 5-HT receptors with a low affinity for D2 receptors \[[@r26]\]. Atypical antipsychotics are more effective in reducing cognitive and negative symptoms and result in fewer EPS than the typical antipsychotics \[[@r55]\]. The high binding affinity at 5-HT receptors and the treatment efficacy of atypical antipsychotics suggests an important role in the 5-HT system in schizophrenia. The 5-TH system consists of cell bodies that are located within the distinct raphe nuclei in the brain stem \[[@r56]\]. The medulla and spinal cord are innervated by projections from the dorsal raphe nucleus (DRN), and the diencephalon and telencephalon receive projections from the median raphe nuclei (MRN) \[[@r56]\]. The DA nuclei within the midbrain, cerebral cortex, thalamus, and striatum are innervated by the DRN and the hippocampus and septum are innervated by the MRN \[[@r56]\]. The innervation of DA neurons by 5-HT highlights a potential role for DA-5-HT interactions in schizophrenia and antipsychotic treatments.

The highest density of 5-HT1A and 5-HT2A receptors are within the hippocampus, lateral septum, cortical areas, DRN, and MRN \[[@r56]\], which are targets of antipsychotic agents. The 5-HT1A and 5-HT2A receptors are found on both pyramidal glutamatergic neurons and GABAergic interneurons within the cortex and hippocampus \[[@r31]\]. 5-HT1A receptors are located pre-synaptically on 5-HT neurons and postsynaptically within the forebrain \[[@r56]\]. 5-HT2A receptors are positively coupled to intracellular calcium *via* G-protein receptors and to phospholipase C \[[@r56]\]. Atypical antipsychotics are also agonists at the 5-HT1A receptor, which, due to their function as an autoreceptor, may decrease overall 5-HT output \[[@r57]-[@r60]\]. The 5-HT1A receptor is coupled to a Gα~i/o~ protein and when activated, results in an inhibition of adenylyl cyclase \[[@r56]\] and can also increase potassium conductance resulting in hyperpolarization of the cell \[[@r61]\].

Atypical antipsychotics are often the first line treatment for schizophrenia, but efficacy and tolerability varies greatly between drugs \[[@r21], [@r27], [@r28]\] and some result in severe side-effects \[[@r27], [@r28], [@r55]\]. Clozapine has been shown to be superior to haloperidol at treating both positive and negative symptoms \[[@r55], [@r62]\]. When patients are switched from typical antipsychotics to the atypical antipsychotics olanzapine and risperidone, improvements in working memory performance have been noted \[[@r63]\]. Unfortunately, these drugs, particularly olanzapine and clozapine, have been shown to result in metabolic syndrome, which are a cluster of side effects including weight gain and insulin resistance, often being so serious as to result in non-adherence to drug regimens \[[@r26], [@r27]\].

Newer atypical antipsychotics have been developed in an attempt to increase treatment efficacy and reduce side effects. Newer atypical antipsychotics include brexpiprazole, cariprazine, and aripiprazole, which bind to 5-HT receptors and also act as partial agonists at the D2 receptor \[[@r64]-[@r66]\]. These drugs differ from each other in DA and 5-HT receptor binding affinities, treatment efficacy, and side-effect profiles \[[@r66]\]. Carpiprazine has a stronger affinity for the D2 and 5-HT1A receptors compared to aripiprazole and brexpiprazole \[[@r64]\]. When schizophrenia patients are assessed on the Positive and Negative syndrome Scale (PANSS), aripiprazole treatment results in the greatest reduction of scores compared to brexpiprazole and cariprazine \[[@r67]\]. Aripiprazole has been demonstrated to have the lowest rate of EPS among Brexpiprazole and carpiprazine, whereas EPS is one of the most common symptoms with carpiprazine treatment \[[@r66]\]. The unique pharmacological profile of aripiprazole, and binding affinities for both DA and 5-HT receptors, may be an important factor in the clinical efficacy and side-effect profile of the drug \[[@r1], [@r27], [@r68]\].

3.. ARIPIPRAZOLE
================

The goal in the development of aripiprazole was to regulate DA neurotransmission with minimal motor and metabolic side effects, which result from most typical and atypical antipsychotic treatments \[[@r1]\]. The United States Food and Drug Administration (FDA) approved the use of aripiprazole for the treatment of schizophrenia in November 2002 and approved aripiprazole in the treatment of acute mania in bipolar disorder in September 2004. The European Commission approved the use of Aripiprazole in June 2004, and in Canada, aripiprazole was approved for the treatment of schizophrenia symptoms and acute mania in July 2009.

3.1.. Therapeutic Efficacy
--------------------------

Aripiprazole can be administered orally (5-30 mg/kg/day) or administered as a depot injection to facilitate patient compliance (400 mg/month) \[[@r69]\] with both methods resulting in similar steady-state serum concentration and symptom management \[[@r70], [@r71]\]. In humans, the half-life of aripiprazole after oral administration is approximately 60 hours \[[@r70]\]. With once-daily oral administration (usually at doses between 15 and 30 mg/day), steady serum-level concentrations can be reached following a 14-day period \[[@r70]\]. Following depot injection of aripiprazole, plasma concentrations gradually rise, reaching maximum in 5-7 days \[[@r2]\]. Serum concentrations between 150 and 300 ng/ml result in symptom improvement with minimal side effects \[[@r72]\]. The human cytochrome P450 (CYP) isozymes CYP3A4 and CYP2D6 are involved in the metabolism of aripiprazole to dehydroaripiprazole \[[@r2]\] *via* dehydrogenation, hydroxylation, and N-dealkylation \[[@r73]\]. The metabolism of aripiprazole can be reduced by the combination of aripiprazole with selective serotonin reuptake inhibitor (SSRI) treatments, such as paroxetine and fluvoxamine, due to the ability of these drugs to inhibit CYP2D and CYP3A4 \[[@r74]\]. These drugs have been shown to reduce clearance of aripiprazole, which is important because aripiprazole is often used in conjunction with SSRIs in the treatment of psychotic depression and mania in bipolar disorder \[[@r2]\]. Dose reductions have been recommended in individuals who are naturally CYP2D6 poor metabolizers and individuals receiving CYP2D6 or CYP3A4 inhibiting agents \[[@r2]\] but aripiprazole has been considered generally safe to use in conjunction with SSRI treatments \[[@r74]\].

Aripiprazole is effective in treating the positive and negative symptoms of schizophrenia when administered as an acute therapy or as maintenance therapy \[[@r75], [@r76]\]. Over the course of 4 weeks, aripiprazole (20-30mg/kg/day) is significantly more effective in reducing both positive and negative symptoms compared to placebo \[[@r75]\]. In maintenance therapy following acute relapse, aripiprazole is more effective in treating negative symptoms than haloperidol, but similarly effective in treating positive symptoms \[[@r77]\]. As a maintenance treatment for chronic schizophrenia symptoms (26-52 week trials), patients receiving aripiprazole show a lower rate of relapse than placebo, a longer time between relapses, and a higher survival rate \[[@r78]\]. When patients are switched to aripiprazole from other antipsychotics, such as haloperidol, thioridazine, olanzapine, or risperidone, symptom management (positive and negative) continues, and the drug is well tolerated \[[@r79]\]. Patients switched from oral aripiprazole to once-monthly injections have even shown signs of symptom improvement \[[@r80]\]. Aripiprazole has also been shown to be highly effective for management of positive and negative symptoms in treatment-resistant schizophrenia at 30 mg/day \[[@r81]\].

The efficacy of aripiprazole in the treatment of cognitive symptoms has been studied in comparison to olanzapine in 26-week trials \[[@r82], [@r83]\]. Several measures such as, the Wisconsin Card Sorting Task, the Benton Visual Retention Test, the California Verbal Learning Test, and the Grooved Pegboard were used to assess cognitive functions. Cornblatt and colleagues (2002) conducted a trial to study the effects of aripiprazole (30 mg/day) and Olanzapine (10 mg/day) on the cognitive symptoms of schizophrenia \[[@r82]\]. In terms of general cognitive functioning, the aripiprazole and olanzapine groups showed significant symptom improvement following 8 weeks of treatment compared to baseline measures, but this effect disappeared at 26 weeks. No significant differences were observed in the Wisconsin Card Sorting Task, but there was a significant improvement in secondary verbal memory at week 8 and 26 in aripiprazole treated patients compared to placebo and olanzapine \[[@r82]\]. A study by Kern and colleagues (2006) conducted a similar trial to study the effects of aripiprazole (30 mg/day) and Olanzapine (15 mg/day) on the cognitive symptoms of schizophrenia \[[@r83]\]. Both groups had improved general cognitive functioning above baseline scores that remained stable over the 26-week trial. In terms of executive function, the groups did not improve above baseline over the course of the trial. For verbal learning, the aripiprazole group improved above baseline and compared to olanzapine at week 8 and compared to baseline at week 26. The authors concluded that aripiprazole has at least a similar treatment efficacy as olanzapine in treating cognitive deficits in schizophrenia \[[@r83]\].

3.2.. Side Effects
------------------

Aripiprazole displays a favorable side-effect profile compared to both typical and atypical antipsychotics, which often cause EPS or metabolic syndromes \[[@r84]\]. The drug is associated with a low incidence of EPS, weight gain, cardiovascular abnormalities, hyperprolactinemia, hypercholesterolemia, and glucose dysregulation \[[@r60], [@r73], [@r75], [@r84], [@r85]\]. A meta-analysis by Marder and colleagues (2003) determined that common side-effects that occur from aripiprazole administration include somnolence, nausea, vomiting, akathisia, and lightheadedness \[[@r84]\]. None of these adverse effects are considered common and do not appear to be dose dependent \[[@r84]\]. In terms of EPS, aripiprazole does not appear to differ from placebo at any dose, but the combination of haloperidol and aripiprazole may result in a slight increase in EPS incidence \[[@r84]\]. However, in children and adolescents aripiprazole has been associated with an increase in acute EPS, with an incidence of 17% \[[@r86]\]. There have also been single case reports of acute dystonia after a single dose of aripiprazole, but this was in patients suffering from cocaine dependence \[[@r87]\]. While at doses of 20 and 30 mg/day, aripiprazole is associated with a minimal increase in body weight of less than 1 kg, it is not considered clinically significant because it is not 7% greater than placebo \[[@r84]\]. Aripiprazole does not significantly alter serum prolactin concentrations and results in minimal changes in fasting glucose concentration \[[@r84]\]. Finally, aripiprazole is not associated with an increased risk of metabolic syndrome, as evidenced by two, 26-week, double blind, randomized control trials \[[@r84]\]. The long-acting injectable form of aripiprazole shares a similar side-effect profile, with generally mild side-effects \[[@r69]\].

3.3.. Dopamine Receptor Activity
--------------------------------

The ability of aripiprazole to bind to its target receptor is represented by the affinity of the drug, which can be represented numerically with Ki, where a lower value indicates higher affinity \[[@r3]\]. Aripiprazole has a low affinity for D1 and D5 receptors \[[@r10]\], a moderate affinity for D4 receptors \[[@r88], [@r89]\], and a relatively high affinity for D2 and D3 receptors \[[@r3], [@r10], [@r88]\]. The majority of antipsychotics, other than aripiprazole, are clinically active at approximately 65% D2 receptor occupancy and result in motor side effects when D2 receptor occupancy is greater than 80% \[[@r90], [@r91]\]. For aripiprazole to be clinically active, a D2 receptor occupancy of greater than \~ 90% is required, but the drug does not induce catalepsy at this occupancy \[[@r90]\], suggesting aripiprazole has a unique pharmacology compared to other marketed antipsychotics \[[@r90], [@r92]\]. The drug has been shown to have antagonistic activity at D1 receptors and a unique pharmacological profile at D2 receptors. Aripiprazole binds to both pre and postsynaptic D2 receptors, has been shown to display agonistic and antagonistic activity at these receptors, and is generally considered a partial D2 agonist, but may display functionally selective properties \[[@r3], [@r8], [@r88], [@r93]-[@r95]\]. As a partial D2 agonist Aripiprazole has a high affinity for the receptor, but the intrinsic activity of the drug is less than the natural ligand DA \[[@r1]\]. Partial D2 agonism would explain the high D2 occupancy required for symptom management and the low possibility of EPS. The partial agonism of aripiprazole at D2 receptors may be responsible for effective management of positive, negative, and cognitive symptoms of schizophrenia.

### 3.3.1.. Evidence for Partial Dopamine Receptor Agonism

#### 3.3.1.1.. Locomotor Activity

The effectiveness of antipsychotics in managing the positive symptoms of schizophrenia has been attributed to D2 receptor antagonism \[[@r61]\]. Aripiprazole has demonstrated D2 receptor partial agonism behaviorally *via* reducing drug-induced hyperlocomotion, which can be used as a preclinical animal model of positive symptoms and mania \[[@r96], [@r97]\]. Aripiprazole has been shown to reverse hyperlocomotion induced by acute amphetamine administration (1.5 mg/kg) dose-dependently at 0.3, 1, and 3 mg/kg i.p. \[[@r98]\]. D-amphetamine has also been used to model behavioral symptoms of mania when given at a dose of 0.5 mg/kg i.p \[[@r99]\]. In this mania model, acute administration of aripiprazole (0.75, 1.5, and 2.5 mg/kg i.p.) reversed the d-amphetamine induced hyperlocomotion. Chronic administration of aripiprazole over 7 days (1.5 mg/kg i.p.) has also been shown to counteract hyperlocomotion induced by d-amphetamine \[[@r99]\]. When given orally (0.5, 1, 2, 4 and 8 mg/kg), which mimics the route of administration in humans, 8 hrs. prior to apomorphine (1.5 mg/kg s.c.), aripiprazole reduced apomorphine-induced hyperlocomotion in a dose-dependent manner \[[@r11]\]. The drug has also been shown to reduce locomotor activity induced by cocaine (5 mg/kg) at doses ranging from 0.1-1 mg/kg \[[@r100]\].

Administration of most typical and atypical antipsychotics results in a dose-dependent decrease in locomotor activity due to blockade of post synaptic D2 receptors within the striatum \[[@r101]\]. For the most part, aripiprazole does not affect locomotor activity in rodents, and when it does produce an effect, the result is not consistent with typical D2 receptor antagonists, such as haloperidol. In studies where aripiprazole was administered chronically at doses of 0.75 mg/kg 3 x day or 1.5 mg/kg 1 x day, aripiprazole did not significantly alter locomotor activity \[[@r102], [@r103]\]. Similarly, acute administration of aripiprazole in mice (0.1, 1, and 10 mg/kg i.p.) did not significantly affect locomotor activity \[[@r104]\]. A study by Zocchi and colleagues (2005) used acute aripiprazole administration (0.3 and 3 mg/kg not 0.1 and 30 mg/kg) and demonstrated hypolocomotion but only at the moderate doses \[[@r105]\]. This suggests that aripiprazole has a lower intrinsic efficacy for D2 receptor, because if it were simply an antagonist, aripiprazole should dose-dependently decrease locomotor activity on its own, in all instances.

#### 3.3.1.2.. Dopamine Receptor Sensitization

Treatment with typical antipsychotics has been shown to result in sensitization of DA receptors, *via* D2 antagonism, and result in an increase in D2 receptor density and autoreceptor sensitivity \[[@r106], [@r107]\]. The typical antipsychotic haloperidol, a potent D2 receptor antagonist, has been consistently shown to induce super sensitivity at D2 receptors following chronic administration \[[@r106]\]. Sensitization of D2 receptors may result from continued inhibition of adenylate cyclase activity, decreased formation of cAMP, and stimulation of GTPase activity, which is coupled to intracellular effector systems \[[@r106], [@r108], [@r109]\].

The ability of aripiprazole to induce D2 receptor sensitization/upregulation has produced different results depending on the age of the animal and length of administration, and has provided evidence that aripiprazole acts as either a D2 antagonist \[[@r103], [@r110]\] or partial agonist \[[@r111], [@r112]\]. Tadokoro and colleagues (2012) administered aripiprazole (1.5 mg/kg/day), haloperidol (0.75 mg/kg/day), or saline chronically for 14 or 28 days using a minipump and tested rats for locomotor activity following administration of methamphetamine \[[@r103]\]. Rats were also evaluated for D2 receptor binding 7 days following treatment with either aripiprazole or Haloperidol \[[@r103]\]. Following 14 days of treatment, there were no significant differences in locomotor activity (with the methamphetamine challenge) or striatal D2 receptor density between the saline and aripiprazole treated rats. Haloperidol treatment resulted in a marked increase in locomotor activity following the methamphetamine challenge and an increase in striatal D2 receptor density \[[@r103]\]. Koener and colleagues found a similar result where repeated administration (3 weeks) of aripiprazole at doses of 10 and 30 mg/kg did not result in upregulation or hyperfunctionality of D2 receptors within the striatum \[[@r110]\]. In the same study, aripiprazole administration did not alter sniffing and licking behaviors, whereas pure D2 agonists resulted in an increase, providing further evidence for the unique pharmacology of aripiprazole \[[@r113]\].

A study by Seeman and colleagues (2008) demonstrated an increase in high affinity DA D2 receptors following 7 days of subcutaneous aripiprazole (1.5 mg/kg) treatment; although, the increase in D2 receptors was more pronounced in Haloperidol treated rats \[[@r111]\]. The authors concluded that aripiprazole may not display antagonistic properties at the D2 receptor, but rather display partial agonist activity \[[@r111]\]. Because young patients have been shown to be more susceptible to aripiprazole induced side effects, such as a higher incidence of EPS \[[@r114]\], studies have been undertaken in young rats to determine D2 receptor up-regulation and DA super sensitivity using a challenge injection of amphetamine at 1, 4, or 8 days following 10 days of aripiprazole treatment (10 mg/kg/day) \[[@r112]\]. Chronic treatment with aripiprazole and haloperidol resulted in supersensitive behaviors (locomotor activity) when rats were given a high (4 mg/kg) dose of amphetamine, although the effect with haloperidol was more robust. Chronic treatment with haloperidol and aripiprazole combined also increased D2 receptor density \[[@r112]\].

#### 3.3.1.3.. Effect on DA Release

The acute effects of typical and atypical antipsychotics on DA release within the mesocorticolimbic and nigrostriatal DA systems have been studied using *in vivo* microdialysis (Table **[1](#T1){ref-type="table"}**). Moghaddam and Bunney (1990) studied the effect of sulpiride (20, 50, and 100 mg/kg i.v.), haloperidol (0.1 and 0.5 mg/kg i.v.), and clozapine (5 and 10 mg/kg) on DA release within the PFC, NAc, and striatum in the rat \[[@r115]\]. The typical antipsychotics sulpiride and haloperidol increased DA release in the striatum and NAc. In the mPFC, sulpiride did not significantly affect extracellular DA, but haloperidol increased DA release at the 0.5 mg/kg dose. Clozapine increased the extracellular concentration of DA in the striatum, NAc, and mPFC, with a more pronounced increase in the mPFC compared to the typical antipsychotics \[[@r115]\]. A study by Imperato and Chiara (1985) found similar results when studying typical antipsychotics, where haloperidol (0.012 - 0.5 mg/kg s.c.) and sulpiride (2.5 -100 mg/kg s.c.) increased DA release within the striatum \[[@r116]\]. The authors also found an increase in DA metabolites, DOPAC and HVA, following administration of haloperidol and sulpiride \[[@r116]\].

The effect of aripiprazole on DA release within the mesocorticolimbic and nigrostriatal DA systems, as evidenced by microdialysis studies, differs from DA release that results from typical and atypical antipsychotic administration. In the striatum and NAc, DA is decreased at 3 and 40 mg/kg but does not change at 2.5 mg/kg and lower, although DA metabolites have been shown to increase at lower doses \[[@r12], [@r117], [@r118]\]. In the mPFC, DA is increased at 0.3 and 0.5 mg/kg, whereas a higher dose of 10 mg/kg has been associated with a decrease \[[@r105], [@r117], [@r118]\]. Semba and colleagues (1995) attributed the difference between the DA metabolites and DA release to the ability of aripiprazole to have both agonist and antagonistic properties at pre and post synaptic DA receptors \[[@r12]\]. It is plausible that the decrease in DA release within the NAc and PFC following higher doses of aripiprazole results from partial agonism at DA receptors, and that the increase in DA release at lower doses results from activity at 5-HT1A receptors, which will be discussed later.

#### 3.3.2.. Effects of Aripiprazole in an MK-801 Animal Model of Schizophrenia Symptoms

The efficacy of aripiprazole in treating positive, negative, and cognitive symptoms may be attributed to stabilization of the DA system, which has been assessed in an MK-801 animal model of schizophrenia. Administration of MK-801 has been used to provide a putative model of schizophrenia symptoms *via* NMDA receptor hypofunction, which is one of the hypotheses surrounding the etiology of the disease \[[@r119]\]. MK-801 is a non-competitive NMDA receptor antagonist that binds to the PCP site within the ion channel \[[@r120]\]. MK-801 has been shown to increase DA output \[[@r121]\] in the NAc \[[@r122], [@r123]\], Striatum \[[@r124]\], and PFC \[[@r125]\]. The increase in DA is suggested to result from increased firing in mesolimbic DA neurons in the VTA \[[@r126]\]. Behaviorally, MK-801 can be used to produce positive symptoms (hyperlocomotion, PPI), negative symptoms (social withdrawal), and cognitive dysfunction (executive function deficits) \[[@r122], [@r123], [@r127], [@r128]\].

Rats treated with MK-801 prior to operant extinction show a persistently elevated bar pressing response in the absence of reward compared to controls; a response that has been argued to be similar to a deficit in executive function \[[@r123], [@r127], [@r128]\]. Acute administration of 1 mg/kg, but not 0.3 or 3 mg/kg, of aripiprazole significantly reduced the MK-801-induced elevated bar pressing during extinction to that of saline controls \[[@r129]\]. Aripiprazole (1 and 3 mg/kg) also decreased the MK-801-induced hyperlocomotion, which is consistent with previous reports that aripiprazole can reduce drug-induced hyperlocomotion \[[@r129]\]. The fact that the moderate dose of MK-801 reduced bar pressing and hyperlocomotion suggests aripiprazole has the potential to alleviate both positive and cognitive symptoms at the same dose. This may occur *via* stabilization of the DA system by increasing DA within the mPFC and decreasing DA within the NAc.

Aripiprazole has also shown promise in reducing MK-801-induced deficits in pre-pulse inhibition (PPI) \[[@r130]\]. PPI is a behavioral procedure that measures sensorimotor gating in rodents \[[@r131]\]. Generally, a burst of noise will result in a muscle twitch defined as an acoustic startle response, which can be reduced when the noise is preceded by a milder stimulus call a pre-pulse, which does not result in a startle response on its own \[[@r131]\]. Patients with schizophrenia are observed to have PPI deficits, where the startle response is higher after a pre-pulse in patients compared to controls \[[@r132], [@r133]\]. Treatment with MK-801 has been shown to result in a higher startle response compared to saline controls, suggesting MK-801 induces PPI deficits \[[@r130]\]. Aripiprazole, at a dose of 4.0 mg/kg, but not at lower doses, has been shown to significantly reverse the MK-801-induced PPI deficit in rats \[[@r130]\]. Aripiprazole, on its own, has not been shown to affect baseline PPI responding \[[@r134]\]. In rodents, atypical, but not typical, antipsychotics have been shown to reverse PPI deficits induced by MK-801 \[[@r135], [@r136]\]. This may be the result of drug activity at both 5-HT1A receptors and D2 receptors, which are suggested to be involved in sensorimotor gating in schizophrenia patients \[[@r137]\]. Aripiprazole may reverse MK-801-induced PPI deficits *via* action at 5-HT and/or DA receptors due to its similar actions at 5-HT receptors compared to atypical antipsychotics.

Social withdrawal is a common negative symptom of schizophrenia and generally manifests with patients living alone, and having few social contacts or social interactions \[[@r138]\]. MK-801 and PCP, another NMDA receptor antagonist, have been used to produce social withdrawal in rodents, argued to reflect negative symptoms \[[@r139]-[@r141]\]. In MK-801 and PCP treated rats, social interaction can be measured by defining the proximity between two animals, which is the time spent at a defined distance apart (*e.g*. within 20 cm) \[[@r139]\]. Social withdrawal is represented in MK-801 or PCP treated animals that spend less time in close proximity to another rodent compared to saline treated controls \[[@r139]\]. Aripiprazole, at doses of 0.04 mg/kg and 0.16 mg/kg i.p., has been shown to significantly reverse social interaction deficits induced by PCP and increase time spent in close proximity \[[@r141]\]. This improvement in social interaction was reversed by the use of WAY100635, a 5-HT1A antagonist, suggesting the importance of 5-HT1A receptors in the treatment efficacy of aripiprazole \[[@r141]\]. Snigdha and colleagues (2008) also found that aripiprazole (5 mg/kg s.c.) could reverse PCP induced deficits in social behaviors, including avoidance, which is increased following PCP \[[@r142]\]. Deiana and colleagues (2015) investigated the effect of aripiprazole on MK-801 induced social withdrawal and deficits in social recognition memory \[[@r140]\]. Aripiprazole, at doses of 2 and 10 mg/kg i.p., did not affect MK-801 induced social interaction but improved the MK-801-induced decrease in social recognition. Social recognition was defined as time spent near a clear pyramid housing a stranger rat, which previously held a different rat for the social interaction test \[[@r140]\]. In the same study, olanzapine, an atypical antipsychotic had no effect on social interaction or social recognition \[[@r140]\]. The authors suggested that the combined activity of aripiprazole on 5-HT1A receptors and D2 receptors may contribute to the improvements in social deficits \[[@r140], [@r141]\].

Three main pharmacological hypotheses have been developed to explain how aripiprazole treats positive, negative, and cognitive symptoms with minimal side-effects. The hypotheses focus on DA system stabilization *via* partial agonism, functional selectivity at the postsynaptic D2 receptor, and DA-5-HT system interactions.

#### 3.3.3.. Dopamine System Stabilization

The effect of aripiprazole on locomotor activity and animal models of schizophrenia provides evidence of DA system stabilization. Stabilization within the DA system from antipsychotic treatments can be accomplished by balancing the activity of pre and postsynaptic D2 receptors, but stabilization may also depend on binding affinities, distribution, density, and receptor coupling \[[@r6]\]. DA system stabilizers are suggested to bind to D2 receptors and have either an agonist or antagonist effect depending on the levels of exogenous DA \[[@r3], [@r6]\]. As a DA system stabilizer, aripiprazole would act to reduce DA effects in regions with high DA activity and elevate DA effects in regions with low DA activity. The ability of a drug to stabilize the DA system in patients with schizophrenia is an optimal goal \[[@r5], [@r6]\].

Supporting evidence for the DA system stabilization effects of aripiprazole comes from PET studies in humans. In a study by Ito and colleagues (2012), individuals were given a single oral dose of aripiprazole (3, 6 or 9 mg) and PET images were collected using 11C raclopride and L-(β-11C) DOPA under resting conditions \[[@r143]\]. Regions of interest included the cerebellar cortex, putamen, caudate head, and occipital cortex. Aripiprazole occupancy of D2 receptors increased in a dose-dependent fashion but there were no significant changes in DA synthesis and no relationship between D2 receptor occupancy and DA synthesis \[[@r143]\]. There was a negative correlation between baseline DA synthesis and aripiprazole, which suggests aripiprazole can cause an increase in DA synthesis with a low baseline DA and a decrease DA synthesis with high baseline DA \[[@r143]\]. The authors suggested that the results indicate the therapeutic effects of aripiprazole may result from stabilization of DA neurotransmission \[[@r143]\]. A previous report using PET studies also suggested that partial DA agonism may explain minimal EPS in patients treated with aripiprazole \[[@r144]\].

There is evidence that aripiprazole functions as both a presynaptic D2 agonist and post synaptic D2 antagonist \[[@r7], [@r99], [@r100]\]. Presynaptic D2 autoreceptors may play a vital role in the ability of aripiprazole to act as a DA system stabilizer, but at higher doses (such as the ones used to treat schizophrenia), aripiprazole also has a significant binding affinity at post synaptic D2 receptors \[[@r145]\]. A study by Ma and colleagues (2015) investigated the agonist and antagonist effects of aripiprazole on D2 like receptors by measuring DA synthesis \[[@r7]\]. Under basal conditions, aripiprazole acted as a D2 autoreceptor agonist at 10nM as evidenced by the ability to inhibit DA synthesis in a similar manner to quinpirole \[[@r7]\]. Aripiprazole has also been successful at reducing reserpine induced increases in DOPA accumulation in the rodent forebrain, and at the same dose was able to inhibit apomorphine induced hyperlocomotion \[[@r11]\]. Semba and colleagues (1995) found a similar result where aripiprazole decreased the DA increase induced by the DA autoreceptor antagonist (+)-AJ76 and at the same dose, decreased apomorphine induced hyperlocomotion \[[@r12]\]. Kikuchi and colleagues (1995) suggested that aripiprazole acts as a DA agonist at presynaptic autoreceptors decreasing DA release, and as an antagonist at postsynaptic D2 receptors at higher doses. Presynaptic agonist activity was evidenced by a decrease in tyrosine hydroxylase activity following aripiprazole administration and the drug displayed post synaptic D2 antagonism by inhibiting apomorphine induced hyperlocomotion \[[@r11]\]. These results suggest aripiprazole may act as a presynaptic D2 agonist and a postsynaptic D2 antagonist, which could account for the high treatment efficacy in the absence of significant EPS \[[@r7], [@r11], [@r12]\].

Receptor density may play a role in the ability of aripiprazole to act as a presynaptic receptor agonist and a post synaptic receptor antagonist \[[@r3]\]. Evidence for this comes from *in vitro* studies where aripiprazole affected cAMP accumulation differentially depending on DA receptor location and density \[[@r3], [@r88]\]. A study by Lawler and colleagues (1999) investigated differences in cAMP accumulation following administration of DA and aripiprazole in CHO vs C-6 cell lines containing D2L receptors \[[@r88]\]. The study employed the use of forskolin to increase cAMP levels in DA transfected cells in the CHO cell line. This was followed by DA or aripiprazole administration to determine any changes in cAMP levels \[[@r88]\]. In the CHO cell line, DA, on its own, produced a 50% inhibition in cAMP levels, whereas aripiprazole did not inhibit cAMP induced by forskolin, suggesting antagonistic activity \[[@r88]\]. In the C-6 cell line, where isoproterenol was used to stimulate cAMP, aripiprazole appeared to display partial agonist activity by partially reducing cAMP synthesis \[[@r88]\]. The two main differences between the cell lines were the density of D2L receptors, which was three to four times higher in the CHO cells compared to the C-6 cells, and the use of forskolin in the CHO cell line and isoproterenol in the C-6 line to stimulate cAMP \[[@r88]\]. The authors suggested the density of D2L may be a factor in the actions of aripiprazole \[[@r88]\]. In a similar study, Burris and colleagues (2002) investigated the effect of aripiprazole on cAMP formation in CHO cells containing D2L receptors \[[@r3]\]. Aripiprazole inhibited cAMP accumulation induced by forskolin, which did not occur in Lawler *et al*., 1999 \[[@r3], [@r88]\]. Aripiprazole displayed partial agonist activity evidenced by inhibition of cAMP, and the blockade of DA action as aripiprazole concentration was increased \[[@r3]\]. The ability of aripiprazole to reduce cAMP accumulation was reduced by a decreased receptor reserve, suggesting receptor reserve plays a role in the pharmacological actions of aripiprazole \[[@r3]\]. The authors suggested that when receptor reserve is low, partial agonists, such as aripiprazole, act as antagonists and that when receptor reserves are high, partial agonists display high efficacy values \[[@r3]\]. A higher receptor density for D2S receptors would have aripiprazole acting as an agonist at presynaptic autoreceptors and a lower receptor density for D2L receptors would have aripiprazole acting as an antagonist at post synaptic receptors \[[@r146]\]. This would coincide with Meller and colleagues (1987, 1991) and Enz and colleagues (1990), where it was reported that presynaptic D2 autoreceptors have a large receptor reserve and post synaptic D2 receptors are lacking reserves \[[@r147]-[@r149]\].

The ability of aripiprazole to manage positive, negative, and cognitive symptoms with minimum side-effects may result from stabilization within the mesolimbic and mesocortical DA systems \[[@r5], [@r6]\]. Since aripiprazole is a partial D2 agonist, it would decrease DA activity within the mesolimbic system by binding primarily to autoreceptors as an agonist and secondarily, as an antagonist on postsynaptic receptors. This would, in effect, reduce the positive symptoms in schizophrenia. At the same time, the drug would increase DA activity in regions with decreased DA activity, such as the mesocortical DA system in schizophrenia, by acting as a partial agonist \[[@r5], [@r6]\]. Enhanced activation in the dorsolateral PFC has been shown using fMRI techniques following acute aripiprazole administration \[[@r150]\] This could, in effect, reduce the negative and cognitive symptoms in schizophrenia.

#### 3.3.4.. Functional Selectivity

It has been suggested that aripiprazole displays functional selectivity at the post-synaptic D2 receptor \[[@r151]\]. Functionally selective drugs have the ability to activate intracellular pathways and decrease symptoms without activating pathways that result in detrimental side effects \[[@r152]\]. The most prominent hypothesis for the etiology of schizophrenia has been that the disease results from a dysfunction within the DA system \[[@r34]\], which is targeted with antipsychotics drugs. However, intracellular signaling pathways that are the target of numerous receptors have shown alterations in schizophrenia \[[@r153]-[@r155]\]. For example: decreased expression and phosphorylation of mitogen-activated protein kinases (MAPK) and cAMP associated signaling molecules has been demonstrated in postmortem cortical analyses from schizophrenia patients \[[@r154]\].

Urban and colleagues (2007) investigated the functionally selective actions of aripiprazole on D2 receptor mediated pathways, specifically the D2L receptor, which primarily consists of postsynaptic D2 receptors, and its binding properties \[[@r95]\] (Fig. **[1](#F1){ref-type="fig"}**) (Table **[2](#T2){ref-type="table"}**). Downstream, intracellular effects of D2 receptor mediated actions including MAPK phosphorylation, liberation of arachidonic acid (AA), and D2 receptor internalization were examined. Aripiprazole (10µm) partially activated the MAPK and AA pathways, and unlike typical agonists, did not result in D2L internalization \[[@r8]\]. A study by Brust and colleagues (2015) provided further evidence for the functional selectivity of aripiprazole at the D2 receptor by showing that aripiprazole can have agonistic and antagonistic effects on DA receptor signaling pathways \[[@r156]\]. The study explored the ability of aripiprazole to activate/inactivate G(α) signaling, which is involved in the inhibition of cAMP \[[@r38]\] and G(βγ) signaling, which can affect calcium and potassium channels and also activate/deactivate cAMP \[[@r38]\]. Aripiprazole acted as a partial agonist for G(α) activation, resulting in 48% of the response of the natural DA ligand. G(βγ) signaling was not affected by aripiprazole administration, and when given with DA, aripiprazole inhibited DA induced G(βγ) signaling, suggesting the drug acted as an antagonist \[[@r156]\].

Antipsychotic treatments also target G-protein independent signaling pathways, which have a slower onset and longer duration compared to G-protein coupled signaling \[[@r157]\]. For example: the 5-HT1A receptor and D2 receptor target GSK3 \[[@r158], [@r159]\], a protein kinase which was first associated with psychiatric disease in the 90's when it was shown to be inhibited by lithium \[[@r160]\]. Current antipsychotics such as clozapine and olanzapine have been shown to increase phosphorylation of Glycogen Synthase Kinase 3 (GSK3) in a mouse brain \[[@r161],[@r162]\]. Agonist activity at both D2 and 5-HT1A receptors has been shown to increase GSK3 in the cortex, whereas antagonism results in a decrease \[[@r156], [@r158], [@r161], [@r163]\]. Agonist activity at D1 and 5-HT2A receptors has the opposite effect where GSK3 activity is inhibited in the FC \[[@r158], [@r161], [@r164]\]. An example of a GSK3 pathway is the G-protein independent signaling pathway involving β-arrestins, protein kinase B (Akt), and GSK3 \[[@r165]\]. When active, the protein kinase Akt can phosphorylate GSK3, which is necessary for inhibition of GSK3, a kinase that is naturally active \[[@r165]\]. In schizophrenia, lower levels of GSK3 activity have been found during postmortem studies in the cortex \[[@r166], [@r167]\].

Altering levels of GSK3 have been shown to affect behavior in animal models, particularly by affecting drug induced hyperlocomotion \[[@r163], [@r168]-[@r170]\]. Mice with a GSK3 knockout show a reduced locomotor response to both cocaine and Apomorphine but display normal baseline locomotor activity \[[@r168]\]. Inhibitors of GSK3 have been tested in DAT-knockout mice and amphetamine treated animals where they have been shown to reduce locomotor hyperactivity \[[@r163], [@r169]\]. GSK-3β heterozygote mice are less responsive to amphetamine suggesting an involvement of GSK-3 in DA related behaviors \[[@r163]\]. Further, mice that are mutants lacking an inhibitory GSK-3β phosphorylation site develop locomotor hyperactivity similar to that seen in DAT-knockout mice \[[@r170]\].

Further support for the functional selectivity hypothesis of aripiprazole comes from studies that compared the effect of aripiprazole (0.75 mg/kg i.p.) on the downstream targets of DA receptor signaling \[[@r151]\]. Levels of cAMP, PKA, Akt, and GSK3(β) were examined in tissue from the VTA, PFC, NAc, substantia nigra (SN), and caudate putamen (CPu). Within the PFC and NAc aripiprazole significantly increased levels of GSK3(β) \[[@r151], [@r171]\], but did not significantly alter cAMP, protein kinase A (PKA), or Akt \[[@r151]\]. Within the CPu, aripiprazole significantly elevated PKA expression \[[@r151], [@r172]\] and GSK3(β), whereas within the VTA, aripiprazole increased PKA expression, but not GSK3(β) expression \[[@r151]\]. In the SN, aripiprazole increased Akt levels and GSK3(β) phosphorylation, but did not affect other downstream targets \[[@r151]\]. GSK3 has also been found to be increased in human cell lines infused with aripiprazole, such  as SH-SY5Y \[[@r167]\]. There were no significant effects on cAMP accumulation recorded in any brain region following aripiprazole administration. The authors suggested that aripiprazole may have a low intrinsic activity at the postsynaptic D2 receptor, and display functionally selective properties, as there were differential effects depending on brain region \[[@r151], [@r172]\]. One interesting side note from these findings is that GSK3 has been reported to be reduced in the PFC of patients with schizophrenia \[[@r166], [@r167]\]. Since aripiprazole has been shown to result in elevated GSK3 expression within the PFC \[[@r151], [@r171]\], it may contribute to the management of negative and cognitive symptoms.

The functional selectivity hypothesis suggests that it may be beneficial to develop therapeutic agents that target specific intracellular signaling pathways. For example: GSK3 has been suggested as a potential therapeutic target for future antipsychotic agents \[[@r173]\]. However, Lithium has limited effects on schizophrenia symptoms suggesting that abnormal GSK3 may only play a role in a subset of symptoms \[[@r153]\]. More studies into the role of intracellular signaling pathways in antipsychotic treatments may be necessary for improved treatment efficacy with minimal side-effects.

#### 3.3.5.. Serotonin Modulation of Dopamine

Like atypical antipsychotics, the pharmacological actions of aripiprazole are not limited to DA receptors. Aripiprazole occupancy at clinically effective doses for 5-HT receptors is considerably lower compared to D2 occupancy (\~90%) at 54-60% for 5-HT2A receptors and 16% for 5-HT1A receptors \[[@r174]\]. Aripiprazole has the highest binding affinity for the 5-HT2B receptor, a significant binding affinity for the 5-HT1A, 5-HT2A, 5-HT2C, and 5-HT7 receptors, and a relatively low affinity for the 5-HT1B, 5-HT3, 5-HT5A, and 5-HT6 receptors \[[@r10], [@r73]\]. Aripiprazole is a partial agonist at the 5-HT1A receptor and an antagonist at the 5-HT2A, 5-HT2B, and 5-HT6 receptors \[[@r10]\]. The partial agonistic activity of aripiprazole at the 5-HT1A receptor has been suggested to play a role in modulating DA release, suggesting aripiprazole may be a DA-5-HT system stabilizer \[[@r3], [@r4]\].

Some of the ability of atypical antipsychotics to manage negative and cognitive symptoms has been attributed to 5-HT receptor activity, possible due to actions within the PFC \[[@r31]\] 5-HT receptors, in particular the 5-HT1A and 5-HT2A receptors, have the ability to modulate DA release in the cortex \[[@r175]\]. The 5-HT2A and 5-HT1A receptors are in high concentrations in the cortex \[[@r176]\] and are found on pyramidal glutamatergic neurons \[[@r177], [@r178]\] as well as GABAergic interneurons \[[@r179]\]. Antipsychotics that are 5-HT1A agonists, such as clozapine, have been shown to increase DA release in the mPFC, an effect that has been diminished by use of the 5-HT1A antagonist WAY100635 \[[@r175]\]. Since there is a high concentration of 5-HT receptors in the PFC \[[@r176]\], the atypical antipsychotics may have the ability to increase DA concentration *via* 5-HT receptors \[[@r31], [@r175]\].

It has been suggested that the DA increase in the mPFC following systemic administration of low doses of aripiprazole (0.3 -- 0.5 mg/kg) may be mediated by 5-HT1A receptors. 5-HT itself has not been shown to increase in the PFC following systemic aripiprazole administration (0.1 -- 30 mg/kg) \[[@r105]\]. To explore the role of the 5-HT1A receptor in the action of aripiprazole, studies have co-administered the 5-HT1A antagonist WAY100635 in an attempt to reverse the aripiprazole induced DA increase seen in the mPFC \[[@r117]\]. Following co-administration of aripiprazole (0.3-0.5 mg.kg) and WAY100635, DA release in the mPFC was reduced compared to aripiprazole administration on its own \[[@r117], [@r118]\]. This suggests that the agonistic activity of aripiprazole at the 5-HT1A receptor may be responsible for the DA increase in the PFC, and perhaps the alleviation of cognitive and negative symptoms \[[@r31]\].

CONCLUSION
----------

Symptom management in schizophrenia is difficult due to the wide range of symptoms that can accompany the disease. Previous typical antipsychotics have a poor treatment efficacy for negative and cognitive symptoms and have the potential to result in severe side-effects, such as EPS. Atypical antipsychotics have an improved capacity to treat all aspects of schizophrenia, but also have the potential for EPS and metabolic syndromes. The efficacy of aripiprazole in treating the positive, negative, and cognitive symptoms in schizophrenia, with minimal side effects, is due to a unique pharmacological profile. Stabilization of the DA system, functional selectivity at the postsynaptic D2 receptor, and DA-5-HT interactions have all been implicated in the efficacy of the drug. A combination of these factors, and appropriate dosing, may all contribute to the successful management of schizophrenia symptoms.
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###### 

DA release following antipsychotic administration compared to aripiprazole.

  ----------------------------------------------------------------------------------------------------------------------------------------------------------
         **Haloperidol \[** [@r115] **\]**   **Clozapine \[** [@r115] **\]**   **Aripiprazole \[** [@r12] **,** [@r105] **,** [@r117] **,** [@r118] **\]**
  ------ ----------------------------------- --------------------------------- -----------------------------------------------------------------------------
  NAc    ↑ 0.1- 0.5 mg/kg                    ↑ 5-10 mg/kg                      ↓ 3-40 mg/kg

  mPFC   ↑ 0.5 mg/kg                         ↑ 5-10 mg/kg                      ↑ 0.3-0.5 mg/kg\
                                                                               ↓ 10 mg/kg
  ----------------------------------------------------------------------------------------------------------------------------------------------------------

###### 

Effect of aripiprazole on D2 receptor signaling.

                                  **Dopamine**                **Aripiprazole**
  ------------------------------- --------------------------- ------------------------------------
  G(α) (cAMP) \[[@r156]\]         Inhibits                    Partially inhibits
  G(βγ) \[[@r156]\]               Activates                   Does not activate
  GSK(3) PFC \[[@r151]\]          Increases phosphorylation   Increases phosphorylation
  D2L Internalization \[[@r8]\]   Internalization             Does not result in internalization
